Wave forces and the flow field around cylinders placed in a periodic wave field are investigated with a numerical model using the Reynolds-averaged NavierStokes equations. The numerical model is validated by simulating the wave interaction with a single cylinder and comparing the numerical results with experimental data from a large scale experiment. Then, the wave interaction with a single large cylinder and a pair of large cylinders placed in tandem for different incident wave steepnesses is studied. The numerically calculated forces are compared with predictions from potential theory. The numerical results are seen to match the predictions at low incident wave steepness but differ at higher incident wave steepnesses. The wave diffraction pattern around the tandem cylinders for waves of low and high steepness is investigated and the evolution of a strong diffraction pattern is seen in the case of high steepness waves, which results in the difference between the wave forces predicted by potential theory and the numerical model at higher steepnesses.
Introduction
tential theory (Lighthill (1979) , Molin (1979) ), but had difficulties in obtaining convergent solutions.
32
In a diffraction regime, the incident wave train is affected by its interaction to calculate the free surface amplitudes for equally spaced identical cylinders.
46
Using this analytical method, it is possible to evaluate the amplitude of the wave forces on cylinders placed in a group and to determine the maximum variation neighboring cylinders. In addition, the analytical formula proposed by Linton
93
and Evans (1990) is used to compare the wave forces on the tandem cylinders 94 for low wave steepnesses where linear potential theory is valid. 
where u is the time averaged velocity, ρ is the density of the fluid, p is the pres-100 sure, ν is the kinematic viscosity, ν t is the eddy viscosity and g the acceleration 101 due to gravity.
102
The pressure is determined using the projection method (Chorin, 1968) (van der Vorst, 1992) . Turbulence modeling is carried out using the two equa-105 tion k-ω model proposed by Wilcox (1994) . The strain in the flow due to the 106 waves leads to unphysical overproduction of turbulence in the wave tank. To
Free Surface

115
The free surface is determined with the level set method. The zero level set 116 of a signed distance function φ( x, t) is used to represent the interface between 117 air and water (Osher and Sethian, 1988) . Moving away from the interface, the 
The level set function is moved under the influence of an external velocity field 122 u j with the convection equation in Eq. (4):
The level set function loses its signed distance property on convection and is 124 reinitialised after every iteration using a partial differential equation based reini-125 tialisation procedure by Peng et al. (1999) 
where Γ(x) is the relaxation function and x ∈ [0, 1] is the x-coordinate scaled to (6) is used in the numerical model.
169
Γ(x) = 1 − e 
where n is the unit normal vector pointing into the fluid and Ω is the surface of 188 the object. 
where i = √ −1, a is the incident wave amplitude, k = 2π/L the wave number, 
where, M is the order of the solution, N is the number of cylinders, I is the (1990) suggest that a value of M = 6 provides sufficiently accurate solutions.
210
So, M = 6 is used in the equations to obtain the analytical prediction of wave 211 forces in this study.
212
The unknown coefficients A are evaluated by solving Eq. (9) and the wave forces 213 are obtained using Eq. (10):
The subtraction of the coefficients on the right hand side gives the wave force
215
along the x-axis and the addition of the terms gives the wave force along the y-
216
axis. In the current study, the angle of incidence β = 0 and the waves propagate at a grid size of dx = 0.1m in Fig. (2b) . Thus, the selected grid size is sufficiently 251 small to accurately calculate the force on the cylinder.
252
The numerically obtained free surface elevation near the wall along the front 253 line of the cylinder is compared with the experimental data in Fig. (3a) . The 
338
A schematic diagram illustrating the numerical setup is given in Fig. (8) . The than the analytical prediction and 35% lower on cylinder 2 (Fig. 10a) . It is 389 also observed that at a center-to-center distance of S = 3.37m (Fig. 10h) , the 390 wave forces on both the cylinders are almost equal. At this point, the effect of 391 diffraction in between the two cylinders is reduced significantly and it does not 392 influence the wave forces on the cylinders anymore. 
463
The free surface elevation contours around the tandem cylinders in the sim- is seen for the waves of low steepness in the region between the two cylinders.
471
In the case of the high steepness waves, distinct semi-circular diffracted waves can also be explored. 
